Aggressive treatment with antibiotics in patients infected with Streptococcus pneumoniae induces release of the bacterial virulence factor pneumolysin (PLY). Days after lungs are sterile, this pore-forming toxin can still induce pulmonary permeability edema in patients, characterized by alveolar/capillary barrier dysfunction and impaired alveolar liquid clearance (ALC). ALC is mainly regulated through Na + transport by the apically expressed epithelial sodium channel (ENaC) and the basolaterally expressed Na + /K + -ATPase in type II alveolar epithelial cells. Because no standard treatment is currently available to treat permeability edema, the search for novel therapeutic candidates is of high priority. We detected mRNA expression for the active receptor splice variant SV1 of the hypothalamic polypeptide growth hormone-releasing hormone (GHRH), as well as for GHRH itself, in human lung microvascular endothelial cells (HL-MVEC). Therefore, we have evaluated the effect of the GHRH agonist JI-34 on PLY-induced barrier and ALC dysfunction. JI-34 blunts PLY-mediated endothelial hyperpermeability in monolayers of HL-MVEC, in a cAMP-dependent manner, by means of reducing the phosphorylation of myosin light chain and vascular endothelial (VE)-cadherin. In human airway epithelial H441 cells, PLY significantly impairs Na + uptake, but JI-34 restores it to basal levels by means of increasing cAMP levels. Intratracheal instillation of PLY into C57BL6 mice causes pulmonary alveolar epithelial and endothelial hyperpermeability as well as edema formation, all of which are blunted by JI-34. These findings point toward a protective role of the GHRH signaling pathway in PLY-induced permeability edema.
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pneumonia | cyclic AMP S evere pneumonia is the leading single cause of mortality worldwide in children less than 5 y old (1) . In the US, community-acquired pneumonia affects mainly elderly patients (2) . Potent antibiotics and aggressive intensive-care support did not reduce the fatality rate of 20% associated with infections by Streptococcus pneumoniae, the main etiological agent of community-acquired pneumonia (1, 2) . A major complication of severe pneumonia is pulmonary permeability edema, characterized by dysfunction of the alveolar epithelial/capillary endothelial barrier and impaired alveolar liquid clearance (ALC) (3) .
Intriguingly, edema formation can occur days after the initiation of antibiotic therapy, when tissues are sterile and the pneumonia is clearing and correlates with the presence of the bacterial virulence factor pneumolysin (PLY) (4, 5) . PLY is a 53-kDa cytoplasmic thiol-activated toxin released during pneumococcal lysis and is implicated in the pathogenesis of pneumococcal disease. This protein has cytolytic and complement-activating properties (4) . Lung injury induced by PLY was suggested to result from direct pneumotoxic effects on the alveolar-capillary barrier rather than from resident or recruited phagocytic cells (6) . Cytoplasmic hemolytic PLY is released during autolysis, such as occurs because of antibiotic treatment (7, 8) , and subsequently binds to cholesterol in cell membranes, upon which oligomerization and pore formation take place. These pores facilitate increased intracellular Ca 2+ levels (9), which in turn activate mechanisms leading to contraction of endothelial cells (10, 11) . These pathways include both myosin light chain (MLC)-dependent mechanisms and microtubule depolymerization, the latter of which can cause disassembly of adherens junction proteins, such as vascular endothelial (VE)-cadherin (12) .
ALC has been shown to inversely correlate with morbidity and mortality in acute lung injury and acute respiratory distress syndrome (ARDS) patients (13) . Active Na + and Cl − transport in alveolar type II cells represents the main driving force of net ALC, as demonstrated in the lungs of several different species, including human (14) . Na + ions in the alveolar lining fluid were shown to passively diffuse into fetal distal lung epithelial and alveolar epithelial type II cells through nonselective cationic channels and Na + -selective, amiloride-sensitive channels. The most important of these is the epithelial sodium channel (ENaC), located in the apical membrane and consisting of at least three subunits, with the α-subunit of ENaC being crucial for its activity (15, 16) . The favorable electrochemical driving force for Na + influx is maintained by the basolaterally expressed, ouabain-sensitive Na + /K + -ATPase that transports Na + into the interstitial space (17) .
The hypothalamic peptide growth hormone-releasing hormone (GHRH) stimulates the production and release of growth hormone from pituitary somatotroph cells, after binding to the pituitary GHRH receptor (pGHRH-R) (18, 19) . The recent identification of various extrapituitary sources for GHRH production and the demonstration of a direct action of GHRH on several tissues other than the pituitary also indicate that this neuropeptide is a pleiotropic hormone (20) . Although peripheral tissues rarely express full-length GHRH-R, splice variants can also be found (21) . Thus, GHRH-R and splice variant SV1 are present not only in tumors but also in myocardium, pancreatic β-islet cells, and fibroblasts (22) (23) (24) . Nonpituitary GHRH can modulate cell proliferation, especially in malignant tissues (18) , promote healing of skin wounds, inhibit cardiomyocyte apoptosis, and reduce infarct size in isolated rat heart after ischemia reperfusion and in vivo after myocardial infarction (21) (22) (23) (24) (25) . Moreover, GHRH agonists were shown to stimulate cardiac myocytes, to accelerate regeneration of the heart in rats after myocardial infarct, to stimulate pancreatic β-islet cells, and to accelerate wound healing in mice (21) (22) (23) (24) .
In this study, we demonstrate that human lung microvascular endothelial cells (HL-MVEC), representing important target cells of PLY-induced lung dysfunction (5), express GHRH as well as the splice variants SV1 and SV3 of the GHRH-R. In view of the previously identified cardioprotective effects of GHRH agonists and the current identification of SV1 in HL-MVEC, we have therefore investigated whether the GHRH agonist JI-34 (26) is able to reduce pulmonary permeability edema induced by intratracheal (i.t.) PLY instillation in mice. Our data demonstrate a potent protective activity of this agonist, characterized by a restoration of alveolar Na + uptake capacity and a significant improvement of both alveolar epithelial and capillary endothelial barrier function in the lungs.
Results

Expression of GHRH and GHRH-R Splice Variants in HL-MVEC.
Using an RT-PCR approach, we demonstrated the presence of mRNA for GHRH as well as splice variants SV1 and SV3 of pGHRH-R in HL-MVEC ( Fig. 1) . Interestingly, the presence of mRNA for pGHRH-R could not be detected. Of the detected splice variants, SV1 was shown to be a functional receptor, whereas SV3 is most likely a nonfunctional protein (21) . As demonstrated in Table S1 and SI Results, the relative expression of SV1 in HL-MVEC was significantly elevated upon treatment with GHRH agonist JI-34. These results prompted us to investigate whether the activation of the functional SV1 receptor in HL-MVEC by means of the potent GHRH agonist JI-34 can interfere with the actions of the pneumococcal virulence factor PLY.
GHRH Agonist JI-34 Blunts Phosphorylation of MLC and VE-Cadherin
Induced by PLY as Well as Hyperpermeability in HL-MVEC. Pathways leading to endothelial cell contraction result in reorganization of the cytoskeletal structures. Phosphorylation of regulatory MLC, catalyzed by either Rho kinase or Ca 2+ -dependent MLC kinase, leads to actin cytoskeleton rearrangement and to the formation of actin stress fibers, a hallmark of loss of endothelial barrier integrity. Our data demonstrate that PLY treatment (15.5 ng/mL) leads to a robust MLC phosphorylation within 2 h in HL-MVEC ( Fig. 2A ) that can be significantly abolished upon a 30-min pretreatment of the cells with JI-34 (1 μM). Adherens junctions (AJ) responsible for barrier integrity in the endothelium can also be disturbed by multiple phosphorylations of VE-cadherin, a major AJ protein (27, 28) , which can lead to disassembly of this protein from AJ complexes and disruption of the endothelial cell-cell contacts. In our experiments, we tested the levels of Tyr 658 -phosphorylated VE-cadherin, which are indicative of AJ instability (29) . Western blotting data shown in Fig. 2B indicate that PLY treatment (15.5 ng/mL) causes a substantial reduction in total VE-cadherin levels (0.57 of control) but a rise in Tyr 658 -phosphorylated VE-cadherin levels (1.11 of control), as such increasing the ratio of phosphorylated over total VE-cadherin by nearly twofold. Importantly, this PLY-mediated effect is significantly altered by a 30-min pretreatment of the cells with 1 μM JI-34, which leads to a partial restoration of total VE-cadherin levels (0.81 of control) and to a significant reduction of phosphorylated VE-cadherin levels (0.7 of control), thus restoring the phosphorylated over total VE-cadherin ratio to nearly basal levels in HL-MVEC.
JI-34 is able to inhibit both MLC and VE-cadherin phosphorylations, each of which mediates endothelial contraction. We therefore investigated the effect of GHRH agonist on PLYmediated permeability increase in HL-MVEC monolayers by means of assessing transendothelial electrical resistance (TER) by using the electrical cell-substrate impedance sensing (ECIS) system (1600R; Applied Biophysics) or by means of assessing permeability for FITC-dextran. As shown in Fig. 3 A and C, PLY (15.5 ng/mL) induces a rapid and irreversible decrease in TER and significantly increases permeability for FITC-dextran in HL-MVEC monolayers. Pretreatment of the cells for 15 min with 1 μM JI-34 (optimal dose selected by performing dose-response curve in ECIS) conferred a significant protection from PLY-induced hyperpermeability in both assays (Fig. 3 A and C) . This dose of JI-34 did not affect basal TER by itself (Fig. 3B) . Preincubation of the cells for 15 min with 100 μM adenylate cyclase inhibitor SQ22536 before JI-34 application strongly inhibited the agonist's protective effect on PLY-induced hyperpermeability (Fig. 3A) , suggesting that JI-34-mediated induction of cAMP generation is crucial for its protective function. We did not find Cells. Because ALC capacity inversely correlates with morbidity and mortality in patients with acute lung injury and ARDS (13), we also investigated in the human H441 cell line whether PLY can interfere with Na + uptake, which has been shown to be crucial for efficient ALC. Fig. 4A shows a typical current trace of a recorded H441 cell in which PLY (30 ng/mL) significantly reduces both inward and outward basal Na + currents and JI-34 is able to restore amiloride-sensitive Na + uptake. Fig. 4B depicts a current density-voltage plot of five cells per treatment. As demonstrated in Fig. 4C , the Na + uptake restoration capacity of JI-34 in PLY-treated H441 cells is completely inhibited upon subsequent addition of the adenylate cyclase inhibitor SQ22536 (100 μM). Adding the membrane-permeable cAMP analog 8-(4-chlorophenylthio)-cAMP (50 μM) again increases Na + uptake significantly. These results thus indicate that PLY reduces amiloride-sensitive Na + -uptake capacity in H441 cells and that JI-34 can restore it to basal levels by activating cAMP generation, which was previously shown to increase amiloride-sensitive Na + currents in H441 monolayers (31) .
JI-34 Protects from PLY-Induced Alveolar-Capillary Barrier Dysfunction in Mice. Our previous results indicated a protective effect of the GHRH agonist JI-34 in PLY-induced endothelial permeability as well as in PLY-mediated Na + uptake dysfunction, the latter of which causes reduced ALC capacity. Thus, we investigated whether JI-34 can interfere with PLY-induced pulmonary barrier dysfunction in vivo. We assessed alveolar epithelial barrier dysfunction by measuring protein leakage into the bronchoalveolar lavage fluid (BALF) of male C57BL6 mice. Capillary endothelial permeability was evaluated by assessing Evans blue dye-albumin (EBD) incorporation in the lung tissue (n = 10 per group). As shown in Fig. 5A , i.t. instillation of PLY (6.125 μg/kg) induces a significant increase in alveolar epithelial permeability within 24 h. This effect can be efficiently blunted by JI-34 (100 μg/kg), when coapplied i.t. with PLY but not by the bombesin/gastrin-releasing peptide receptor antagonist RC-3940-II (100 μg/kg), which was used as a control peptide. As demonstrated in Fig. 5B , instillation of PLY significantly increased endothelial permeability. This effect was drastically reduced upon cotreatment of the mice with JI-34 but not with RC-3940-II. As demonstrated in Fig. 5C , JI-34 (100 μg/kg) significantly prevented the increase mediated by PLY (6.125 μg/kg) in lung wet-to-dry weight ratio. To investigate whether the protective effect of JI-34 was mainly mediated by its inhibitory effect on direct PLY-mediated barrier dysfunction in the alveolar epithelial and capillary endothelial compartments or rather by an inhibitory effect on inflammatory mediators affecting barrier integrity, we also evaluated its influence on pro-and anti-inflammatory mediator generation, measured in the BALF of the treated animals (n = 6 per group). Our data, presented in Table  S2 , demonstrate that JI-34 does not interfere with the generation of proinflammatory cytokines or growth factors reported to directly affect pulmonary barrier function, such as TNF, IL-1β, IL-6, and VEGF, but it does change the chemokine response in PLY-treated mice, indicating that it has the potential to modulate specific immune responses. As such, we conclude that JI-34 effects on PLY-mediated endothelial hyperpermeability are mainly mediated by its capacity to induce the barrier-protective second messenger cAMP, which protects from the direct effects of PLY on the pulmonary endothelial monolayer.
Discussion
Although bioactive, mature human GHRH consists of 40-44 aa, the shortest sequence of the hormone that possesses full biological activity consists of only 29 N-terminal residues. This GHRH sequence thus constitutes the core peptide for the development of agonists of GHRH, such as JI-34 (26), or its antagonists. GHRH is expressed in a variety of normal peripheral tissues, uterus, ovary, testis, placenta, cerebral cortex, pituitary, kidney, prostate, liver, and lung. However, the physiological significance of this ectopic production of GHRH has not yet been clarified (20) . In this study, we show that the GHRH agonist JI-34 (26) significantly protects HL-MVEC, expressing both GHRH and its splice variant receptors SV1 and SV3, from hyperpermeability induced by PLY. Our data indicate that this effect occurs at least in part by reducing PLY-mediated MLC phosphorylation and VE-cadherin loss, two events contributing to endothelial barrier dysfunction.
Binding of ligand to the GHRH-R changes the receptor conformation and activates the G s α-subunit of the closely associated heterotrimeric G protein on the intracellular side. In the absence of the pituitary type of the GHRH-R, as is the case in human lung endothelial cells, the GHRH-R functions can be performed by the functional SV1 splice variant, which is able to bind GHRH agonists (20) . Binding of these agonists to the SV1 splice variant results in stimulation of membrane-bound adenylate cyclase and increased intracellular cAMP generation (20) . Subsequently, cAMP can activate protein kinase A (PKA), leading to phosphorylation of the transcription factor cAMP response element-binding protein (CREB). CREB in turn induces the transcription of the pituitary-specific transcription factor Pit-1 gene, which induces the transcription of both growth hormone receptors and GHRH-R (18) .
It has been demonstrated that cAMP-mediated activation of PKA, which occurs upon binding of JI-34 to the pGHRH-R or to SV1, attenuates both epithelial and endothelial barrier dysfunction (C) JI-34 (100 μg/kg) completely inhibits the increase in lung wet-to-dry weight ratio caused by i.t. PLY instillation (6.125 μg/kg) in male C57BL6 mice (n = 5 per group; mean ± SD; *P < 0.03 vs. control; # P < 0.02 vs. PLY). (32, 33) . Moreover, PKA activation in endothelial cells can result in inhibition of Rho kinase by direct phosphorylation of Rho GDPdissociation inhibitor (RhoGDI), thus preventing the release of the barrier-disruptive RhoA from the RhoA-RhoGDI complex (34) . Besides, cAMP potentiates VE-cadherin-mediated cell-cell contacts, thus enhancing endothelial barrier function (32, 33) . Phosphorylation of VE-cadherin at Tyr 658 leads to dissociation of this major AJ protein from p120-catenin, which serves as a factor that stabilizes AJ and prevents VE-cadherin endocytosis (28, 29) . Therefore, Tyr 658 phosphorylation of VE-cadherin and formation of stress fibers upon MLC phosphorylation provide a basis for rapid endocytosis and degradation of VE-cadherin and cell-cell contact loss. The inhibitory activity of the GHRH agonist JI-34 on PLY-mediated VE-cadherin loss can thus in part be explained by its capacity to activate the cAMP/PKA pathway, by binding to the SV1 receptor, expressed in HL-MVEC. Indeed, pretreatment of the cells with the adenylate cyclase inhibitor SQ22536 completely blunted the barrier-protective activity of JI-34. In this context, it is interesting to note that we could demonstrate that activation of the cAMP/PKA pathway by extracellular β-nicotinamide adenine dinucleotide (β-NAD) protects from PLY-induced endothelial barrier dysfunction (35) .
Our findings also indicate that JI-34 is able to restore Na + uptake, crucial for ALC (3), which we found to be significantly reduced in PLY-treated H441 cells. Our observation that the pore-forming toxin PLY reduces rather than increases Na + conductance is surprising. However, H441 cells are much less sensitive to permeability increases induced by PLY than HL-MVEC. The capacity of the toxin to activate conventional PKC isoforms that were shown to be able to reduce ENaC expression (36) is most likely responsible for its induction of Na + uptake dysfunction. In this context, it is interesting to note that activation of PKA mediated by cAMP leads to increased expression of the crucial α-subunit of the ENaC (37), which is the main regulator of apical sodium uptake in type II alveolar epithelial cells. Moreover, cAMP-dependent stimulation of Na + influx across H441 cells or type II alveolar epithelial cell confluent monolayers was shown to result from activation of an amiloride-sensitive apical Na + conductance (38) . In conclusion, our results indicate that GHRH-R signaling confers protection against barrier dysfunction induced by PLY in the lungs and can moreover restore impaired Na + uptake in H441 cells mediated by PLY. Thus, agonists of GHRH should be further investigated as potential therapeutic agents for lung dysfunction in patients with acute lung injury, ARDS, or severe pneumonia in which permeability edema represents a major complication.
Materials and Methods
Whole-Cell Patch-Clamp Recording. Whole-cell currents were measured from metabolically intact H441 cells by using the perforated-patch technique. In contrast to standard whole-cell techniques, perforated-patch recordings provide accurate current measurement with only minimal current decay or loss of soluble cytoplasmic components because of cellular dialysis. Furthermore, endogenous calcium buffering is not inactivated by dialyzing cells with calcium chelators, as required during whole-cell recordings. Thus, the perforated-patch technique provides a more accurate means of measuring whole-cell currents.
H441 cells were grown on 12-mm coverslips and placed in a recording solution containing 140 mM Na acetate, 5 mM KOH, 2 mM MgSO 4 , 10 mM Hepes, and 10 mM glucose (pH 7.2). Both calcium and chloride were reduced in this solution to attenuate currents resulting from flux of these ions. Patch pipettes with a resistance of 3 MΩ or less were fabricated from capillary tubes using a P-2000 laser pipette puller (Sutter Instrument). To help isolate Na + currents, the tip of the patch pipette was filled with a solution containing 130 mM Cs 2 SO 4 , 5mM CsOH, 2mM CaCl 2 , 2mM MgCl 2 , and 10 mM Hepes (pH 7.2). Cs diffuses through the membrane perforations and blocks K channels from the cytoplasmic surface of the membrane. The remainder of the pipette was backfilled with a similar solution to which 200 μg/mL amphotericin B (diluted by sonication from a 50 mg/mL stock in DMSO) was added. Cells were studied only if the voltage drop across the series resistance was reduced to <5 mV within 10-20 min after forming a GΩ seal. Voltage-clamp and voltage pulse generation were controlled with an Axopatch 200B patch-clamp amplifier (Axon Instruments), and data were analyzed with pCLAMP 10.0 (Axon Instruments). Currents were filtered at 2 kHz and digitized at 10 kHz. All substances were diluted into fresh bath solution and perfused into a 1.0-mL recording chamber (Warner Instruments).
Instillation i.t. and Vascular Leakage Assessment in Vivo. Mice were anesthetized with i.p. ketamine (150 mg/kg) and acetylpromazine (15 mg/kg). Then the trachea was exposed. PLY (6.125 μg/kg in saline) was instilled i.t. for 24 h in anesthetized mice via a 20-gauge catheter, with or without JI-34 (100 μg/kg) or RC-3940-II (100 μg/kg). An Evans Blue dye/Albumin mixture (30 mg/ kg in saline) was injected into the tail vein 2 h before mice were killed, in order to assess vascular leak (39) . Lungs free of blood were weighed and snap-frozen in liquid nitrogen. The left lung was homogenized, incubated with formamide (18 h at +60°C), and centrifuged at 5,000 × g for 30 min. The optical density of the supernatant was determined spectrophotometrically at 620-750 nm. Extravasated EBD concentration in the lungs was calculated by using a standard curve (microgram of EBD per gram of wet lung tissue), as described previously (39) . For quantification of protein or proinflammatory mediators in BALF, collected BALF was centrifuged (500 × g for 15 min at 4°C), supernatant was centrifuged again (5,000 × g for 15 min at 4°C), and pure BALF was used to measure total protein with the BCA Protein Assay Kit (Pierce). Absorbance was measured at 540 nm, and protein concentration was determined by using standard curves. Alternatively, cytokine/ chemokine/growth factor concentrations were quantified with the multiplex MCYTOMAG-70K assay (EMD Millipore), according to the manufacturer's instructions. Lung wet-to-dry ratios were determined upon weighing lungs immediately after isolation as well as upon drying them for 48 h at 65°C in an oven. All animal studies conformed to National Institutes of Health guidelines. The experimental procedure was approved by the Georgia Health Sciences University Institutional Animal Care and Use Committee.
For details of cells, mice, biochemicals, PLY purification, peptide analogs preparation, RT-PCR, in vitro TER measurement, in vitro vascular permeability assays, Western blotting analysis, and statistics, refer to the SI Materials and Methods.
